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IP2I Lyon, CNRS/IN2P3, Université Claude Bernard Lyon 1, Villeurbanne, France

Plenary meeting of the french low energy nuclear physics community

held at the IPHC Strasbourg 3-7 November 2025

M. Bender (IP2I Lyon) Mean-field theories 4 November 2025 1 / 27



A brief categorization of nuclear energy density functional methods

Only presently available method that can be applied to describe numerous properties of and phenomena in
even-even, odd, odd-odd nuclei within a universal framework using a universal parametererisation of the
effective in-medium nucleon-nucleon interaction described in the form of an energy density functional that
only depends on one-body density (matrices).

“numerically simple” (diagonalisation of a one-body problem within a fixed-point iteration)

achieved by working with densities provided by symmetry-breaking auxiliary states.

There are several levels of nuclear energy density functional (EDF) methods:

Self-consistent mean-field models

“Hartree-Fock” (HF)
“Hartree-Fock-Bogoliubov” (HFB)
“nuclear Density Functional Theory”
(nuclear DFT)
single-reference EDF methods

Note: what is done by practitioners almost never
complies with the rigorous definition of the
concept of HF/HFB/DFT as found in textbooks.

Time-dependent (TD) mean-field models
(TDHF, THHFB), various extensions to make
the outcome non-deterministic, . . .

“Beyond mean-field methods”

(linear) response: linearisation of TDHF,
(quasi-particle) random phase approximation
((Q)RPA) various diagrammatic extensions to
include correlations, . . .

Symmetry restoration (projection on particle
number, angular momentum, parity,. . . )

(non-orthogonal) configuration mixing, aka
“Generator Coordinate Method” (GCM)
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Phenomena that can be modeled with nuclear EDF methods

(ground-state) binding energies and their
differences

excitation energies of shape isomers, collective
rotational bands, one-quasiparticle energies,
multi–quasiparticle energies, . . .

nuclear (charge) density distributions and their
moments, charge form factor, (charge) radii,
deformations, electric multipole moments, Kumar
shape invariants, magnetic multipole moments,
. . .

Fission barriers, dynamics lifetimes fragment
distributions, . . .

Large-amplitude collective motion, giant
resonances, . . .

mass spectroscopy

electron scattering

scattering with strongly-interacting probes

laser spectroscopy

γ-ray and conversion electron spectroscopy

decay spectroscopy

Coulomb excitation

. . .

Black: specific states in specific nuclei can be models at the self-consistent mean-field level

Blue: with few exceptions requires a beyond-mean-field method
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Ongoing efforts

Main directions of present efforts

Goal: larger set of phenomena that is simultanenously
described by a given parameterisation of the EDF within a
consistent numerical description.

more general forms of the EDF

higher-order terms within existing forms such as Skyrme
EDF (contact interaction with gradients; EDF built from
local (spin) densities, currents, kinetic densities) Gogny
force (Gaussian finite range force; EDF built from local
and non-local (spin) densities) . . .
different form altogether such as the Fayans EDF (EDF
built from local (spin) densities) “regularized
pseudo-potentials” (Gaussian finite range interaction with
gradients), . . .

improved adjustment protocols of the parameter sets
(estimates of statistical errors, analysis of correlations between
observables and parameters, machine-learning assisted
large-scale adjustment to thousands of data, . . . )

larger set of observables entering the adjustment protocols,
either concerning properties of nuclei, or general features that
(absence of unphysical instabilities, surface tension in
semi-infinite matter pairing properties in infinite matter, . . .

codes that can efficiently and handle more general forms of the
EDF, more complex shapes and more complex situations for
the orientation of angular momenta relative to the shape)

Finite-size instabilities in the S = 0,
T = 1 channel:

Introduction

Oscillation of densities in 40Ca
T. Lesinski, K. Bennaceur, T. Duguet, J. Meyer, PRC 74, 044315 (2006)
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Instabilities in the ST = (0,1) channel when it is energetically favored to build opposite phase
oscillations in proton/neutron densities ;

With Skyrme NLO interactions, these oscillations appear due to large positive C
…‚
1

C
…‚
1 ‚1…‚1  0 ;

Also appear with Gogny interactions: A. De Pace, M. Martini 94, 024342 (2016)

M. Martini, A. De Pace, K. Bennaceur, EPJA 55, 150 (2019).

V. Guillon Charge and matter distributions in nuclei October 17, 2025 3 / 20

Lesinski, Bennaceur, Duguet, Meyer, PRC C74 (2006)
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Note: instability in the S = T = 0
channel is physical. Similar instabilities
found in S = 1 channels. Can emerge for
contact and finite-range interaction,
relativistic and non-relativistic ones.
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Adjustment of pairing parameters through infinite-matter calculations

Pairing needs readjustment for each value of m∗/m

Problem: imperfect single-particle spectra
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Better control of surface energy

parameter sets with systematically varied asurf

existing parameter sets (mostly from Lyon)

Jodon, Bender, Bennaceur, Meyer, PRC 94 (2016) 024335

Role of centre-off-mass correction

Da Costa, Bennaceur, Meyer, Ryssens, Bender, PRC 109 (2024) 034316 ;

see also Bender, Rutz, Reinhard, Maruhn, EPJ A7 (2000) 467
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Control of surface energy: relevance for exotic shape phenomena

Octupole deformation of 144Ba:

red: SLy5s1 (asurf = 17.55 MeV)
purple: SLy5s8 (asurf = 18.89 MeV)
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Octupole deformation of Th isotopes:

inverted colour code:
purple: SLy5s1 (asurf = 17.55 MeV)
red: SLy5s8 (asurf = 18.89 MeV)
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Control of surface energy: relevance for exotic shape phenomena

Ground-state deformation of actinides
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Note: the minima are generated by shell effects, but
the energy difference between minima and the stiffness
of the deformation energy around the minima is
controlled by the surface energy.

Da Costa, Bennaceur, Meyer, Ryssens, Bender, PRC 109 (2024) 034316
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Large-scale mass fits: BSkGx (“Brussels Skyrme on a Grid”)
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BSkG1: σ of 2457 masses = 0.734 MeV (and lower for mass differences), σ of 884 chare radii = 0.0239 fm
Scamps, Goriely, Olsen, Bender, Ryssens, EPJ A 57 (2021) 333

BSkG2: full blocking for odd- and odd-odd nuclei with time-odd contributions, adjustment of fission barriers
and excitation energies of superdeformed isomers. σ of 2457 masses = 0.668 MeV (and lower for mass
differences), σ of 884 charge radii = 0.0274 fm, σ of 45 primary barriers = 0.44 MeV, σ of 45 secondary
barriers = 0.47 MeV, σ of 28 fission isomers = 0.49 MeV.
Ryssens, Scamps, Goriely, Bender, EPJ A 58 (2022) 246

BSkG3, BSkG4: additional density-dependent terms, generalised pairing EDF.
BSkG5: higher-order gradient terms instead of additional density-dependent terms.
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Masses in the Zr-Mo-Ru-Rh-Pd region

Ru (Z = 44)
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Masses in the Zr-Mo-Ru-Rh-Pd region
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A further paper casts a shadow of doubt on the attribution of quantum numbers to the ground and isomeric
state of 114Rh Stryjczyk et al, PLB 862 (2025) 139359
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Charge radii of Ru isotopes
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Deformation energy surfaces of Mo isotopes obtained with BSkG2

The position of the minimum is indicated by a black asterisk.

Solid iso-energy lines in grey are 1 MeV apart staring with the energy of the global minimum.

To better see the fine structure of the energy surfaces around the minima, the dotted isolines in yellow
indicate 0.1, 0.2, 0.3, 0.4 and 0.5 MeV above the ground state.

Bonatsos et al, submitted to PRC
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Deformation energy surfaces of Ru isotopes obtained with BSkG2

Bonatsos et al, submitted to PRC
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Deformation energy surfaces of Mo isotopes obtained with SLy7*
(1T2T(0.80))

Bonatsos et al, submitted to PRC
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Deformation energy surfaces of Ru isotopes obtained with SLy7*
(1T2T(0.80))

Bonatsos et al, submitted to PRC
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Deformation energy surfaces of Ru isotopes obtained with SLy7*
(1T2T(0.80))

Bonatsos et al, submitted to PRC
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Deformation energy surfaces of Ru isotopes obtained with SLy7*
(1T2T(0.80))

Bonatsos et al, submitted to PRC
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Deformation energy surfaces of Ru isotopes
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Triaxial nuclei are those in any colour on the lower panel for BSkG1 and those indicated in green on the
panel indicating for γ for SLy7* (1T2T(0.80)).

The rotational correction of the BSkGx drives nuclei towards triaxial shapes.
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Beyond-mean-field description of triaxial nuclei (with SLyMR1): 128Xe

Jπ = 0+ Jπ
σ = 0+

1

Quantity Experiment Theory

E(0+
1 ) −1080.743 −1077.956

rrms(0+
1 ) 4.7774(50) 4.738

µ(2+
1 ) +0.68(7) +0.6

µ(4+
1 ) +1.2

µ(2+
2 ) +0.6

Qs (2+
1 ) −0.8

Qs (4+
1 ) −0.9

Qs (2+
2 ) +0.8

B(E2 : 2+
1 → 0+

1 ) 1839(421) 1664

Bally, Giacalone, Bender, EPJA 58 (2022) 187

M. Bender (IP2I Lyon) Mean-field theories 4 November 2025 19 / 27



Beyond-mean-field description of triaxial nuclei (with SLyMR1): 130Xe

Jπ = 0+ Jπ
σ = 0+

1

Quantity Experiment Theory

E(0+
1 ) -1096.905 -1095.058

rrms(0+
1 ) 4.7818(49) 4.741

µ(2+
1 ) +0.67(10) +0.6

µ(4+
1 ) +1.7(4) +1.3

µ(2+
2 ) +0.9(2) +0.6

Qs (2+
1 ) -0.38(+17,-14) -0.7

Qs (4+
1 ) -0.41(12) -0.7

Qs (2+
2 ) +0.1(1) +0.6

B(E2 : 2+
1 → 0+

1 ) 1252(117) 1416

Bally, Giacalone, Bender, EPJA 58 (2022) 187
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Beyond-mean-field description of triaxial nuclei (with SLyMR1): 130Xe
L. MORRISON et al. PHYSICAL REVIEW C 102, 054304 (2020)

FIG. 6. Experimental [3] and theoretical low-lying energy level schemes for 130Xe. See the text for the details of the calculations.

Both shell-model approaches have successfully reproduced
experimental results for a range of isotopes in this mass re-
gion, namely 135,136,137Ba and 131,132,133,135Xe [31,44,48– 51].
In particular, the GCN50:82 interaction shows good agree-
ment for the neighboring Xe isotopes 131Xe [48], 132Xe [49],
and 133Xe [50].

The experimental and shell-model excited states for 130Xe
are compared in Fig. 6. There is a fair agreement; how-
ever, the experimental energies are typically lower than their
theoretical counterparts, for both interactions. The higher the-
oretical values for the yrast 2+ and 4+ states probably indicate
that in reality the wave functions are more fragmented. The
higher experimental E (4+)/E (2+) = 2.25 ratio, compared to
the theoretical ratios 2.12 (GCN50:82) and 2.17 (SN100PN),
suggests the same.

The experimental transition strengths and spectroscopic
quadrupole moments are compared with those of the shell-
model calculations in Tables III and IV. When using the

standard effective charges of eν = 0.5e and eπ = 1.5e, the
shell-model reduced transition strengths are too low. For
example, the B(E2; 2+

1 → 01
+) is 21 and 20 W.u. for the

GCN50:82 and the SN100PN interactions, respectively, which
are roughly a factor of 1.5 below the experimental value.
Previous studies used larger effective charges for nuclei
in this region of the nuclear chart. For example, transi-
tion strengths from isomeric decays in 129Sn, 131Te, 133Xe,
135Ba were described using eπ = 1.52e and eν = 0.81e in
both the GCN50:82 and the SN100PN interactions [50].
The same effective charges were used for 133Te, 135Xe,
and 137Ba with the SN100PN interaction [52]. Here, for
the case of 130Xe, which has a larger number of valence
nucleons than any of the aforementioned nuclei, we use
slightly higher effective charges: eπ = 1.53 and eν = 0.945
for the GCN50:82 interaction and eπ = 1.68 and eν = 0.84
for the SN100PN interaction. These neutron charges were
chosen to reproduce the B(E2; 2+

1 → 01
+) value in 126Sn
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Kumar invariants of the 0+
1 ground state of 130Xe

Quantity Theory Experiment

βr 0.18 0.17(1)

γd 21◦ 28◦

βc 0.19 n.a.

∆βc 0.04 n.a.

γc 23◦ n.a.

∆γc 16◦ n.a.

βk 0.16 0.17(2)

∆βk 0.02

γk 28◦ 23(5)◦

∆γk 12◦

βr , γd : rigid-rotor Davydov model Davydov et al, NP

8 (1958) 237

βc , γc : average intrinsic deformation of the GCM
state and its standard deviation

βk , γk , ∆βk , ∆γk : Kumar invariants from sums
over E2 matrix elements

Experimental values for Kumar invariants from
Morrison et al, PRC 102 (2020) 054304
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Beyond-mean-field description of triaxial nuclei (with SLyMR1): 129Xe

Jπ = 1/2+ Jπ = 3/2+ Jπ = 9/2− Jπ = 11/2−

Quantity Experiment Theory

E(1/2+
1 ) -1087.649 -1084.720

rrms(1/2+
1 ) 4.7775(50) 4.736

µ(1/2+
1 ) -0.78 -0.2

µ(3/2+
1 ) +0.58(8) +1.2

µ(3/2+
2 ) -0.1

µ(11/2−
1 ) -0.89 -1.1

Qs (3/2+
1 ) -0.39(1) +0.4

Qs (3/2+
2 ) -0.4

Qs (11/2−
1 ) +0.63(2) +0.8

moments of the intruder state are reasonably well described

moments of normal-parity states are not really well described

energetic order of states is incorrect
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Fig. 8 Low-energy spectrum for 129Xe. We mention that the experi-
mental (theoretical) 3/2+2 and 5/2+1 as well as 9/2+1 and 15/2−

1 (1/2+1 ,
15/2−

1 and 5/2+1 ) states appear as degenerate with the energy scale used
in the figure. Experimental data are taken from [68,88], where levels
that are grouped into bands based on the same quasi-particle are drawn
in the same color, with levels in the favoured (disfavoured) bands drawn
in dark (light) color tones

tional bands whose band heads are near-degenerate. The pre-
cise reproduction of such a spectrum is beyond of what can be
expected from present nuclear EDF methods [97], in particu-
lar when also considering that the theoretical single-particle
states associated with the band heads can mix. The authors
of Refs. [94,95] point out that the distances between single-
particle energies obtained with the relativistic DD-PC1 and
Gogny D1M parameterizations that enter their EDF-based
IBFM calculations significantly disagree with each other and
the values used in the earlier purely phenomenological cal-
culations on the order of several hundreds of keV, some-
times more than 1 MeV. This required them to introduce a
j-dependent monopole shift in their Hamiltonian in order to
reproduce the excitation spectra. The deviation of our results
is, however, larger than what is typically found and therefore
merits some further analysis.

The differences go in fact further than just an inversion of
levels. To ease the comparison of the spectra, levels attributed
to different rotational bands are drawn in different colours in
Fig. 8, where in addition the favoured bands12 are repre-

12 We recall that for a well-deformed odd nucleus, two different rota-
tional bands can be constructed on top of each blocked quasiparticle.
For the so-called favoured band, the component of the angular momen-
tum of the blocked quasiparticle on the axis of collective rotation points

Table 3 Same as Table 1 but for 129Xe. Experimental data are taken
from [70– 74,99]. We note that the magnetic moments of the 1/2+1 and
11/2−

1 states are known experimentally up to an extremely good accu-
racy and were truncated here at the second digit

Quantity Experiment Theory

E(1/2+1 ) −1087.649 −1084.720

rrms(1/2+1 ) 4.7775(50) 4.736

µ(1/2+1 ) −0.78 −0.2

µ(3/2+1 ) +0.58(8) +1.2

µ(3/2+2 ) −0.1

µ(11/2−
1 ) −0.89 −1.1

Qs(3/2+1 ) −0.39(1) +0.4

Qs(3/2+2 ) −0.4

Qs(11/2−
1 ) +0.63(2) +0.8

sented with dark tones, and the disfavoured bands based on
the same band heads with light tones. For the experimental
data we follow Ref. [88], and the grouping of calculated lev-
els into bands is based on relative strength of E2 transitions
and spectroscopic quadrupole moments, and their similarity
with experimental data.

In Table 3, we report spectroscopic quantities for some
of the low-lying states. First, we notice that even though
we obtain the wrong order of low-lying levels, the total
energy of the 1/2+1 state is only 3 MeV off the experimental
value. While far from being perfect, the relative discrepancy
between the two values is only of about 0.3%, which is of
similar magnitude as what is observed for the ground-state
binding energy of 128Xe. Similarly, the root-mean-square
charge radius of this state is reproduced with an accuracy
similar to the one of the 0+1 state of the 128Xe nucleus. On
the other hand, the electromagnetic moments are not all as
well described. The calculation reproduces the spectroscopic
quadrupole moments Qs of the lowest 3/2+ state, provided
that we interpret the order of the two lowest 3/2+ states in
the calculated spectrum as incorrectly reversed compared to
experimental data. The Qs of the 11/2−

1 state is also rea-
sonably close to the data, but slightly overestimated, which
for a triaxial states does not necessarily indicate too large
overall deformation, but could also point to an incorrect K
mixing. The magnetic moment of the 11/2−

1 state is also
slightly overestimated by about 20%. The calculated values
of the low-spin positive parity states, however, differ enor-
mously from the experimental ones, in particular considering
when assuming that the second calculated 3/2+ state should
be compared with the first experimental 3/2+ state and vice
versa.

into the direction of collective rotation, whereas for the disfavored band
it points against the direction of collective rotation [98].
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Charge radii of Fm and No isotopes

Nature | Vol 634 | 31 October 2024 | 1077

indirect production of 248,249,250,254Fm via the decay of directly produced 
252,253,254No, and indirect production of 255No via the electron-capture 
decay branch of 255Lr. These indirect production schemes evolved from 
recent methodical advancements that gave access to previously inac-
cessible isotopes34 (for details, see Methods). However, the isotopes 
251−253Fm are currently not accessible by this technique, not least owing 
to long half-lives of more than 5 hours up to several days.

Directly produced isotopes were separated from the primary beam by 
the recoil separator SHIP (Separator for Heavy Ion reaction Products) at 
GSI Helmholtzzentrum für Schwerionenforschung35,36 and transmitted 
to the gas-filled RADRIS stopping cell. Fusion-evaporation products 
were thermalized in the gas cell and collected and neutralized on a 
catcher filament. Pulse heating of the filament led to desorption of 
the atoms, followed by resonant laser ionization. The resulting ions 
were identified via their characteristic α-decay energy. This technique 
was recently improved for higher sensitivity37, which enabled laser 
resonance ionization spectroscopy with rates down to one particle 
every 100 seconds in the gas cell for 246Fm (Methods).

Off-line laser spectroscopy was accomplished at the RISIKO mass 
separator (Resonance Ionization Spectroscopy in Collinear geometry) 
on macroscopic sample sizes of neutron-rich fermium isotopes38–40. 
Reactor breeding of heavy actinides at the Oak Ridge National 
Laboratory’s High Flux Isotope Reactor produced samples of 254Es 
(half-life t1/2 = 275 d) and femtogram amounts of 257Fm (t1/2 = 100 d) 
(Fig. 1). The 254Es fraction was re-irradiated in the high-flux reactor at 
Institut Laue-Langevin, producing 255Es, which undergoes β−-decay 
leading to 255Fm. Every few days, fermium was chemically separated 
from einsteinium (Es, Z = 99), yielding these 255Fm samples to be used 
at RISIKO. Here fermium atoms were ionized in a hot-cavity laser ion 
source, and the resulting ions were accelerated and separated with  
a dipole magnet and then counted41 (Methods).

For studies in fermium, the known atomic transition from the 5f 127s2 
3H6 atomic ground state to the excited level 5f 127s7p G5

5
o (refs. 42,43) 

was probed as the first excitation step in a two-step laser ionization 
scheme by registering ions from resonance ionization as a function of 
laser frequency detuning, as shown in Fig. 1 (bottom). Limited informa-
tion on atomic levels in fermium was available from previous studies 
on 255Fm (refs. 42,43) and in nobelium from previous on-line studies 
with RADRIS32. Isotope shifts measured for the mentioned ground-state 
transition relative to the reference isotopes 250Fm and 254No, combined 

with input from atomic calculations33,44, allowed the extraction of 
changes in &r2' (Methods). The results are summarized in Table 1.

To interpret the measured values, nuclear calculations were carried 
out using several EDF-based models, including Skyrme-type (SV-min, 
SLyMR1 and BSkG2), Gogny-type (D1M) and Fayans-type (Fy(IVP)) EDFs. 
The computational frameworks range from single-reference calcula-
tions (SV-min and Fy(IVP)), to calculations including the configuration 
mixing of symmetry-restored reference states (SLyMR1), with two other 
methods in between (BSkG2 and D1M) that include beyond-mean-field 
corrections to a varying degree (Methods). Figure 2 shows the experi-
mental data and predictions on the differential mean-square charge 
radii δ&r2' in fermium and nobelium isotopic chains. Figure 2a compares 
measured δ&r2' values with predictions of a simple spherical droplet 
model45,46, and Fig. 2b,c compares the deviations of the experimental 

Table 1 | Summary of laser resonance centroid wavenumbers 
(in argon buffer-gas environment), corresponding isotope 
shifts and evaluated changes in !r2"

Fermium Z = 100
A Centroid (cm−1) δν250,A (GHz) δ!r2"250,A (fm2)

245 25 113.81(7) 30.4(2.2) −0.323(24)[33]

246 25 113.50(5) 21.0(1.7) −0.223(19)[23]

248 25 113.11(3) 9.5(1.0) −0.101(10)[10]

249 25 112.99(11) 5.8(3.4) −0.062(36)[6]

250 25 112.80(3) 0 0

254 25 111.90(4) −27.0(1.4) 0.286(15)[29]

255 25 111.75(2) −31.5(0.9) 0.335(10)[34]

257 25 111.48(8) −39.5(2.4) 0.420(25)[42]

Nobelium Z = 102

A Centroid (cm−1) δν254,A (GHz) δ!r2"254,A (fm2)

255 29 961.20(3) −7.7(0.8) 0.080(8)[6]

Isotope shifts are denoted by δν250,A for measured shifts relative to 250Fm and δν254,A for those 
measured relative to 254No. Statistical uncertainties (one standard deviation) are given in 
parentheses and systematic uncertainties are included in square brackets. The data analysis 
procedure is described in Methods.
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Fig. 2 | Comparison of experimental mean-square charge radii data with 
different nuclear model predictions. a, Experimental results of δ&r2' of 
fermium isotopes as a function of N relative to 250Fm (red) and of nobelium 
isotopes relative to 254No (blue). The error bars show statistical uncertainties 
(one standard deviation) and the red shaded bands represent systematic 
uncertainties in the prediction of the atomic parameters (Methods). The 
observed smooth trend along the isotopic chain is independent of the atomic 
parameters as their uncertainty is only of a systematic nature, thus affecting  
all extracted δ&r2' in the same manner. Predictions of the spherical droplet 
model are shown with dashed lines for comparison with the experimental data.  
b,c, δ&r2' for fermium (b) and nobelium (c) predicted by five theoretical models 
relative to the droplet-model (DM) reference. Experimental data (red and blue 
solid symbols) are compared with predictions of different models.
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Fig. 2 | Comparison of experimental mean-square charge radii data with 
different nuclear model predictions. a, Experimental results of δ&r2' of 
fermium isotopes as a function of N relative to 250Fm (red) and of nobelium 
isotopes relative to 254No (blue). The error bars show statistical uncertainties 
(one standard deviation) and the red shaded bands represent systematic 
uncertainties in the prediction of the atomic parameters (Methods). The 
observed smooth trend along the isotopic chain is independent of the atomic 
parameters as their uncertainty is only of a systematic nature, thus affecting  
all extracted δ&r2' in the same manner. Predictions of the spherical droplet 
model are shown with dashed lines for comparison with the experimental data.  
b,c, δ&r2' for fermium (b) and nobelium (c) predicted by five theoretical models 
relative to the droplet-model (DM) reference. Experimental data (red and blue 
solid symbols) are compared with predictions of different models.
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values and the EDF calculations from the droplet-model reference. 
The statistical uncertainties of charge radii stemming from the model 
calibration47,48 of Fy(IVP) and SV-min are marked. Similar uncertainty 
bands can be assumed for the other models.

Discussion
As seen in Fig.  2, for the neutron-deficient even–even isotopes 
246,248,250Fm, the experimental data agree with the predicted trend of 
the spherical droplet model. The heavier isotopes 254,255,257Fm, however, 
exceed the droplet-model trend. From the observed evolution of δ#r2$ 
in nobelium, a smooth trend consistent with the droplet-model predic-
tions is extracted with no obvious kink at N = 152.

Within their uncertainties, all model predictions are strikingly con-
sistent with the experimental data for fermium and nobelium, and with 
each other. These findings would suggest that in fact shell effects are 
smeared out in the heavy actinide nuclei2,7 and, hence, nuclear charge 
radii are expected to be primarily governed by bulk effects.

A good agreement is found between the experimental data for the 
neutron-deficient isotopes and most theoretical models. Larger dis-
crepancies arise for heavier isotopes with N > 152. Here, Fy(IVP), owing 
to a generally steeper predicted incline, explains this local increase 
fairly well in terms of an interplay between a deformed neutron shell 
gap and reduced pairing. However, it is to be noted that all these small 
variations of the predictions are of the order of current theoretical 
uncertainties for charge radii.

The agreement between the different predictions is highlighted in 
the inter-model comparison of the multipole proton radial density 
distributions ρℓ(r) calculated for 246Fm and 254Fm in Fig. 3 (see Methods 
for details). The radial densities ρ0 in Fig. 3a show most pronounced 
variations at r = 0, owing to slightly varying contributions from ℓ = 0 
orbitals resulting in a small bump, a weak shell effect. For r > 2 fm, the 
radial densities steadily increase towards the surface as expected from 
the large Coulomb repulsion2,33. For radii r > 5 fm, which is the essential 
region contributing to #r2$, the radial densities are very similar for the 
different models. The agreement of the weighted densities ρ0r4 between 
246Fm and 254Fm in Fig. 3b reflects the similarity in predicted charge 

radii for these isotopes, despite their rather different neutron num-
ber. The quadrupole radial density ρ2(r) in Fig. 3c shows a weak model 
dependence. This is consistent with similar predicted quadrupole 
deformations along the fermium isotope chain49. The hexadecapole 
radial densities ρ4(r) shown in Fig. 3d show appreciable differences 
between 246Fm and 254Fm, which are consistent with different predicted 
hexadecapole deformations β4 in 246Fm and 254Fm and similar to decreas-
ing hexadecapole moments along other actinide chains50.

In summary, a smooth trend in differential mean-square charge radii 
δ#r2$ has been observed. This is in agreement with our EDF calculations.

Conclusion
The combination of highly sensitive laser spectroscopy techniques with 
multiple production schemes used in this work enabled the extraction 
of isotope shifts along the chain of deformed fermium isotopes and 
extended the isotope-shift data in the nobelium chain. The combined 
data on fermium and nobelium differential mean-square charge radii, 
interpreted by several theoretical nuclear models, suggest that the 
weak shell effects in this region do not influence the charge radii. This 
confirms theoretical expectations of the transition towards a bulk 
behaviour with increasing nuclear mass2,51.

Our results and experimental methodological advances offer good 
prospects for further laser spectroscopy measurements in the heavi-
est nuclei. The combination of the presented production schemes 
with anticipated measurements using the in-gas jet laser spectroscopy 
technique52, featuring a spectral resolution comparable to the resolu-
tion obtained for 255Fm in this work, even for isotopes accessible only 
on-line, will enable high-precision hyperfine structure measurements 
in fermium and nobelium. This will provide an experimental access 
to the nuclear electromagnetic moments and the spin. With respect 
to charge radii information for other elements and, with increased 
precision of experimental data, higher-order nuclear-structure effects 
hidden in the mean-square charge radii, such as the variations in the 
odd–even staggering, will be within experimental reach. Data on charge 
radii and on nuclear moments of heavier nuclei will be paramount to 
further probe the transition to the macroscopic regime and calibrate 
microscopic models of heavy nuclei.
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indirect production of 248,249,250,254Fm via the decay of directly produced 
252,253,254No, and indirect production of 255No via the electron-capture 
decay branch of 255Lr. These indirect production schemes evolved from 
recent methodical advancements that gave access to previously inac-
cessible isotopes34 (for details, see Methods). However, the isotopes 
251−253Fm are currently not accessible by this technique, not least owing 
to long half-lives of more than 5 hours up to several days.

Directly produced isotopes were separated from the primary beam by 
the recoil separator SHIP (Separator for Heavy Ion reaction Products) at 
GSI Helmholtzzentrum für Schwerionenforschung35,36 and transmitted 
to the gas-filled RADRIS stopping cell. Fusion-evaporation products 
were thermalized in the gas cell and collected and neutralized on a 
catcher filament. Pulse heating of the filament led to desorption of 
the atoms, followed by resonant laser ionization. The resulting ions 
were identified via their characteristic α-decay energy. This technique 
was recently improved for higher sensitivity37, which enabled laser 
resonance ionization spectroscopy with rates down to one particle 
every 100 seconds in the gas cell for 246Fm (Methods).

Off-line laser spectroscopy was accomplished at the RISIKO mass 
separator (Resonance Ionization Spectroscopy in Collinear geometry) 
on macroscopic sample sizes of neutron-rich fermium isotopes38–40. 
Reactor breeding of heavy actinides at the Oak Ridge National 
Laboratory’s High Flux Isotope Reactor produced samples of 254Es 
(half-life t1/2 = 275 d) and femtogram amounts of 257Fm (t1/2 = 100 d) 
(Fig. 1). The 254Es fraction was re-irradiated in the high-flux reactor at 
Institut Laue-Langevin, producing 255Es, which undergoes β−-decay 
leading to 255Fm. Every few days, fermium was chemically separated 
from einsteinium (Es, Z = 99), yielding these 255Fm samples to be used 
at RISIKO. Here fermium atoms were ionized in a hot-cavity laser ion 
source, and the resulting ions were accelerated and separated with  
a dipole magnet and then counted41 (Methods).

For studies in fermium, the known atomic transition from the 5f 127s2 
3H6 atomic ground state to the excited level 5f 127s7p G5

5
o (refs. 42,43) 

was probed as the first excitation step in a two-step laser ionization 
scheme by registering ions from resonance ionization as a function of 
laser frequency detuning, as shown in Fig. 1 (bottom). Limited informa-
tion on atomic levels in fermium was available from previous studies 
on 255Fm (refs. 42,43) and in nobelium from previous on-line studies 
with RADRIS32. Isotope shifts measured for the mentioned ground-state 
transition relative to the reference isotopes 250Fm and 254No, combined 

with input from atomic calculations33,44, allowed the extraction of 
changes in &r2' (Methods). The results are summarized in Table 1.

To interpret the measured values, nuclear calculations were carried 
out using several EDF-based models, including Skyrme-type (SV-min, 
SLyMR1 and BSkG2), Gogny-type (D1M) and Fayans-type (Fy(IVP)) EDFs. 
The computational frameworks range from single-reference calcula-
tions (SV-min and Fy(IVP)), to calculations including the configuration 
mixing of symmetry-restored reference states (SLyMR1), with two other 
methods in between (BSkG2 and D1M) that include beyond-mean-field 
corrections to a varying degree (Methods). Figure 2 shows the experi-
mental data and predictions on the differential mean-square charge 
radii δ&r2' in fermium and nobelium isotopic chains. Figure 2a compares 
measured δ&r2' values with predictions of a simple spherical droplet 
model45,46, and Fig. 2b,c compares the deviations of the experimental 

Table 1 | Summary of laser resonance centroid wavenumbers 
(in argon buffer-gas environment), corresponding isotope 
shifts and evaluated changes in !r2"

Fermium Z = 100
A Centroid (cm−1) δν250,A (GHz) δ!r2"250,A (fm2)

245 25 113.81(7) 30.4(2.2) −0.323(24)[33]

246 25 113.50(5) 21.0(1.7) −0.223(19)[23]

248 25 113.11(3) 9.5(1.0) −0.101(10)[10]

249 25 112.99(11) 5.8(3.4) −0.062(36)[6]

250 25 112.80(3) 0 0

254 25 111.90(4) −27.0(1.4) 0.286(15)[29]

255 25 111.75(2) −31.5(0.9) 0.335(10)[34]

257 25 111.48(8) −39.5(2.4) 0.420(25)[42]

Nobelium Z = 102

A Centroid (cm−1) δν254,A (GHz) δ!r2"254,A (fm2)

255 29 961.20(3) −7.7(0.8) 0.080(8)[6]

Isotope shifts are denoted by δν250,A for measured shifts relative to 250Fm and δν254,A for those 
measured relative to 254No. Statistical uncertainties (one standard deviation) are given in 
parentheses and systematic uncertainties are included in square brackets. The data analysis 
procedure is described in Methods.
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Fig. 2 | Comparison of experimental mean-square charge radii data with 
different nuclear model predictions. a, Experimental results of δ&r2' of 
fermium isotopes as a function of N relative to 250Fm (red) and of nobelium 
isotopes relative to 254No (blue). The error bars show statistical uncertainties 
(one standard deviation) and the red shaded bands represent systematic 
uncertainties in the prediction of the atomic parameters (Methods). The 
observed smooth trend along the isotopic chain is independent of the atomic 
parameters as their uncertainty is only of a systematic nature, thus affecting  
all extracted δ&r2' in the same manner. Predictions of the spherical droplet 
model are shown with dashed lines for comparison with the experimental data.  
b,c, δ&r2' for fermium (b) and nobelium (c) predicted by five theoretical models 
relative to the droplet-model (DM) reference. Experimental data (red and blue 
solid symbols) are compared with predictions of different models.
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uncertainties in the prediction of the atomic parameters (Methods). The 
observed smooth trend along the isotopic chain is independent of the atomic 
parameters as their uncertainty is only of a systematic nature, thus affecting  
all extracted δ&r2' in the same manner. Predictions of the spherical droplet 
model are shown with dashed lines for comparison with the experimental data.  
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solid symbols) are compared with predictions of different models.
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14 avril 2025 RÉSULTATS SCIENTIFIQUES PHYSIQUE
NUCLÉAIRE

L’étude conduite sur 8 isotopes du fermium par une collaboration

impliquant des scienti�ques du GANIL montre que la forme des noyaux

superlourds semble échapper à la règle observée chez les noyaux plus

légers. Ces derniers peuvent en effet changer de forme de façon très

abrupte dès que leurs couches de nucléons ne sont pas entièrement

remplies. Or, les différents isotopes de Fermium observés par la

collaboration grossissent tranquillement avec le nombre de neutrons, quel

que soit le taux de remplissage des couches de nucléons, comme si les

effets quantiques dus aux fermetures de couches étaient effacés. Ce

résultat expérimental, en accord avec les prédictions de certains modèles

de physique nucléaire, laisse penser que la règle pourrait bien s’appliquer à

l’ensemble des noyaux super-lourds.

Les physiciens nucléaires du GANIL n’ont pas attendu le démarrage attendu de leur futur
instrument S  pour s’emparer des mystères des noyaux superlourds. En intégrant une équipe de
scienti�ques internationaux travaillant sur le séparateur SHIP, hébergé au centre de physique
allemand GSI, les chercheurs et chercheuses CNRS Nucléaire & Particules ont contribué à mettre
en évidence un phénomène inattendu : là où les différents isotopes de noyaux plus légers
présentent des �uctuations de taille et de forme importantes selon si leurs nucléons remplissent
ou non certaines couches du noyau, ces �uctuations disparaissent presque entièrement chez les
isotopes du fermium, le noyau superlourd étudié à GSI. Cette première observation de la forme
d’un noyau superlourd appelle de plus amples investigations en laboratoire a�n de pouvoir
extrapoler ces observations à l’ensemble des noyaux superlourds.

Noyaux parmi les plus instables et les plus rares de l’Univers

Le projet de la petite équipe internationale ne manquait pas d’ambition : il s’agissait de mesurer la
différence de rayon de charge – la valeur dénotant la distribution des protons dans les noyaux – de
huit isotopes de fermium, soit huit noyaux à 100 protons mais au nombre de neutrons différent,
comptant parmi les plus lourds, les plus instables et les plus rares de l’Univers. Les isotopes
présentant une longévité élevée (le fermium-255 et 257) ont été produits au laboratoire américain
d’Oak Ridge ainsi qu’à l’Institut Laue-Langevin, à Grenoble, et ont fait l’objet d’une étude séparée à
l’Université Johannes Gutenberg de Mainz. Les isotopes les plus instables, cependant, ont dû être
produits en ligne au séparateur SHIP de GSI, certains à seulement quelques atomes par minute, et
étudiés par spectroscopie laser dans la foulée, avant qu’ils ne se désintègrent. Une opération
délicate rendue possible par un protocole expérimental tout récemment optimisé qui permet
désormais d’étudier des noyaux parmi les plus rares comme le Fermium.

Bombarder chaque noyau avec une vaste gamme de longueur d’ondes

« Une fois les noyaux produits grâce à l’accélérateur de GSI, nous les arrêtons dans leur course à
l’aide d’un nuage d’argon, puis ils se neutralisent en récoltant des électrons, explique Nathalie
Lecesne, ingénieure de recherche au GANIL, qui a participé à l’étude. Cette première étape nous
fournit des atomes neutres, que nous excitons en les bombardant avec un laser de longueur d’onde
correspondant à l’énergie nécessaire pour exciter un des électrons de l’atome sur une couche
atomique supérieure. Cette énergie d’excitation déduite de façon très précise nous permet ensuite
de calculer la différence de rayon de charge entre les isotopes. Ce qui est compliqué, c’est qu’on ne
connaît quasiment rien de ces atomes très rares ! Or, l’énergie du laser nécessaire pour exciter les
électrons de chaque atome diffère d’un isotope à l’autre, et elle nous est inconnue. Nous avons
donc dû bombarder chaque noyau avec une vaste gamme de longueur d’ondes avant de trouver
celle correspondant à l’isotope qui nous intéressait. Dans un second temps, un deuxième laser
venait ioniser le noyau excité, en lui arrachant un électron. Grâce à la charge électrique de cet ion, il
devenait possible de le transporter et de le détecter. » 

Un contraste étonnant comparé aux isotopes de noyaux plus légers
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Take-away messages

Large-scale symmetry-breaking calculations of the entire nuclear chart . . .

. . . including odd and odd-odd nuclei

Better controlled surface energy improves description of exotic shape degrees of freedom and
fission barriers.

Outlook:

extended forms of the functional for better control of single-particle streucture . . .

. . . in a form that can be safely handled in beyond-mean-field calculations?
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